Abstract: Observations of very-high-energy (VHE) γ-ray emission from supernova remnants (SNR) established them as sources of accelerated particles up to energies of 100 TeV. The dominant process − leptonic or hadronic − responsible for the VHE emission is still not proven for most of the SNRs. Molecular clouds (MCs) in the vicinity of SNRs provide increased amount of target material for accelerated particles escaping the SNRs, thus making MCs potential γ-ray sources. The predicted γ-ray flux for MCs offset from the SNR shock depends on the applied diffusion model for VHE particles and the SNR and MC properties, which encounter large uncertainties. While the the average galactic diffusion coefficient is estimated, the spatially resolved propagation properties of VHE cosmic rays are unknown. γ-ray emitting MCs provide a unique possibility to derive new information on the propagation of VHE particles through the ISM and on the acceleration of hadrons at SNRs. We present in this paper a strategy and first results of a systematic search for TeV γ-ray emitting MCs in the vicinity of SNRs in the galactic plane region. Based on a theoretical model and current SNR and MC catalogues the detectable parameter space (e.g. diffusion coefficient, SNR age) for current Imaging Atmospheric Cherenkov Telescope systems (IACTs) is obtained. This allows to identify potential γ-ray emitting regions.
Introduction
Supernova remnants (SNRs) are prime candidates for Galactic sources of Cosmic Rays (CRs) up to energies of 10 15 eV. Observations of SNRs in the very-high-energy (VHE) γ-ray domain support this assumption, but for most of the SNRs it is not clear whether the observed γ-ray emission is produced by accelerated leptons via Inverse Compton scattering or by accelerated hadrons interacting with the ambient medium and producing γ-rays via proton-proton collision and subsequent pion decay. Recently, the Fermi-LAT Collaboration reported the detection of pion-decay signatures in the SNRs W44 and IC 443 [1] . The detection of γ-ray emission outside the SNR shell coincident with ambient Molecular Clouds (MCs) strengthens these results [2] . In this scenario hadrons were accelerated in the SNR shock and afterwards escaped the acceleration site. These highenergy particles can interact then with MCs in the vicinity of the SNR. MCs provide an increased amount of target material and γ-ray emission via the neutral pion decay occurs.
Besides the possibility to probe hadronic acceleration in SNRs, γ-ray emitting MCs close to SNRs are also good laboratories to study propagation properties of VHE particles through the interstellar medium (ISM) from the SNR to the MC. The detection of TeV γ-ray emission of the W28 region coincident with MCs was reported by the H.E.S.S. Collaboration [3] . The emission is visible in three distinct regions, two coincident with MCs offset from the SNR, one coincident with a MC in the shock region. The emission at the shock and at one position offset is also observed in the GeV energy regime by the Fermi-LAT Collaboration [4] . The W28 region has been used to constrain the propagation properties of the VHE particles.
The application of isotropic diffusion models to that region [5, 6, 7, 8] shows that the diffusion at 10 GeV is suppressed by more than one order of magnitude compared to the Galactic average value of ≈ 10 28 cm 2 s −1 [9] .
Numerical simulations of the propagation of VHE particles [10] predict anisotropic diffusion with some filamentary structures. The application of an anisotropic diffusion model on the W28 region [11] resulted in a diffusion coefficient in the order of 10 28 cm 2 s −1 , whereas an isotropic diffusion coefficient is one and a half orders of magnitude smaller. To get further insights into the propagation of VHE particles studies of further MC-SNR associations are needed.
We present in this paper a search for TeV γ-ray emitting MCs, which have an offset to the SNR. This provides a unique possibility to test for the acceleration of hadrons in SNRs and investigate local diffusion properties of VHE particles. In Section 2 we discuss the dependencies of the γ-ray emission of various SNR and MC properties and of the diffusion coefficient as well as the detectability with current IACTs. In Section 3, the strategy for a general search for TeV γ-ray emitting MC-SNR associations is described and the application to the Galactic Ring Survey (GRS) region is presented. A short discussion of the W44 region that is located within the region covered by the GRS is given in the end. A conclusion is given in Section 4. Search for γ-ray emitting molecular clouds 33ND INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013 simple approaches to elaborated models using numerical simulations.
To ensure a general search applicable to a broad SNR and MC population for the calculation of TeV γ-ray emission the isotropic model from [12] is used to estimate the proton density at the location of the MC and [13] to calculate the expected γ-ray emission from pion decay due to hadronic interactions. Figure 1 shows integrated γ-ray fluxes above 1 TeV of a MC offset from a SNR as a function of the normalisation of the diffusion coefficient D 10 at 10 GeV for three different ages of a SNR. The energy dependence of the diffusion coefficient is considered to be of the form D(E) = D 10 · ( E 10 GeV ) s , with s = 0.5. These γ-ray fluxes are estimated for a MC with mass of 4 · 10 4 M at a distance of 50 pc to the SNR and 2 kpc to Earth. The MC mass and distance to Earth for this example resemble the properties of the MC properties as in the γ-ray emission scenario on the W28 region [3] . We assume that the Sedov time is 200 yr. This is the time until the SNR enters the Sedov phase in which the particle acceleration takes place. 30% of the SNR explosion energy of 10 51 erg is converted into the acceleration of CRs. Current IACTs reach integrated sensitivities above 1 TeV in the order of 1 − 2% Crab units (C.U.) 1 (see e.g. the H.E.S.S. sensitivity for large parts of the Galactic plane [14] ). The comparison with the derived TeV γ-ray fluxes for the example scenario in Fig. 1 shows that a wide range of diffusion coefficients and SNR ages can give detectable γ-ray fluxes. The possible parameter space for the detection of SNR-MC association in γ-rays depends on the diffusion coefficient, SNR ages and on the distance D SNR−MC between the SNR and the MC is shown in Fig. 2 . The filled areas give the distances between SNR and MC in dependency of D 10 for three different SNR ages that lead for the example given above to an integrated γ-ray flux larger than 4.5 · 10 −13 cm −2 s −1 . This value refers to a point-like sensitivity of 1% C.U., linearly scaled for a cloud extent of 0.2 • in radius. MCs near young SNRs would be detectable in TeV γ-rays for a large range of diffusion coefficients and a distance smaller than 70 pc whereas for old SNRs ambient MCs would just be detectable for low diffusion coefficients D 10 ≈ 10 26 cm 2 s −1 . 3 Search for TeV γ-ray emitting MCs near SNRs
Strategy and application to the GRS region
For the search of TeV γ-ray emitting MCs in the vicinity of SNRs we need the properties of SNRs and MCs to calculate the expected γ-ray flux. The detailed analysis of the TeV γ-ray data afterwards allows to constrain the parameter space and the model assumptions.
In this paper the isotropic model of [12] is used for the calculation of TeV γ-ray fluxes, because more elaborated models that rely on detailed information of the individual SNR environments, e.g. densities and magnetic field orientation, are not suited for a general search. The input parameters of the theoretical model [12] are the following: the age of the SNR t SNR , the distance D SNR−MC between the SNR and the MC, the MC mass M MC and distance to the Earth D MC , the energy of the SNR explosion that was converted into CR acceleration η · E SN , the normalisation D 10 and energy dependence s of the diffusion coefficient. Although not all of these parameters are well known, a general search for interesting regions of MC emitting detectable TeV γ-ray emission is possible with our strategy as described below.
MC and SNR properties from published catalogues are used for the search. The Galactic Ring Survey (GRS) is a survey of 13 CO emission that covers the region between 18 • and 56 • Galactic longitude and between -1 • and +1 • Galactic latitude [15] . MCs and clumps have been identified within these data [16] , the distance ambiguity was solved [17] and the masses of the identified clouds have been determined [18] . We selected 16 SNRs with measured ages and distances from [19] that are located within the region of the GRS. The SNR ages range from 720 yr to 10 5 yr, the SNR distances from 2.3 kpc to 11 kpc.
To take into account the uncertainties of the different parameters a parameter scan was performed. The scan ranges and the step sizes are given in Table1.
As mentioned above the local diffusion coefficient and its energy dependence in general are not known, just the average Galactic normalisation is determined and is of the [9] . We follow the usual approach (see e.g. [20] ) and assume the range between 10 26 cm 2 s −1 and 10 28 cm 2 s −1 for D 10 and a power law with index s = 0.5 for the energy dependence as suitable values. The minimum and maximum values for the SNR ages and distances are taken from [19] . If no errors or uncertainties are listed in the catalogue, the given value is used without errors. The range of the SNR age is scanned with 5 steps. Considering the large uncertainty of D 10 this is a good compromise. The errors on the MC distances are estimated in [17] to be of the order of 20 %-30 %, we use therefore as distance uncertainty
The distance between the SNR and the MC is defined as the distance between the centre position of the SNR and the peak of highest emission of the MC. The mean radius of the MCs is 24.1 pc [16] , that is small compared to the errors on the MC and SNR distances. The errors on the MC masses ∆M MC are given in [18] and vary from about 10 % to more than 40 %. The MC mass is a normalisation factor for the calculated γ-ray flux and three different values M MC and M MC ± ∆M MC are used in the parameter scan.
Results and discussion
The expected TeV γ-ray emission of MC-SNR associations was calculated for the parameter ranges given above and then compared to the sensitivity of the current generation of IACTs. The sensitivity of the H.E.S.S. Galactic Plane Scan [14] that includes the region covered by the GRS was taken. About 200 out of the 749 MCs from the GRS sample have at least one parameter set that gives an integrated flux above the H.E.S.S. sensitivity 2 . This large number of potential γ-ray emitters mainly results from the large uncertainties for the MC and SNR distances. The clouds with at least one parameter set that gives a detectable flux are not distributed uniformly in the Galactic plane, but are clustered in certain regions around the SNRs, which allows to identify interesting regions. More details can be found in our forthcoming paper.
The vicinity of W44
A prominent SNR with ambient MCs within the GRS region is the SNR W44 and its vicinity. W44 is surrounded by a complex of giant molecular clouds (e.g. [21] ). In the γ-ray regime the SNR shell was detected by EGRET (as 2EG J1857+0018) [22] , AGILE [23] and also by Fermi-LAT [4] . In addition, two regions close to the shell were also detected by Fermi-LAT [2] . They coincide with ambient molecular clouds and the γ-ray emission is interpreted as a hint for hadron acceleration. This argument is strengthened by the pion-decay signature, which was recently reported by the Fermi-LAT Collaboration [1] . Figure 3 shows a sky map of the W44 region. The ellipses represent the GRS MCs identified in [16] and the colour scale gives the ratio of the number of parameter sets with fluxes above the H.E.S.S. Galactic Plane Scan sensitivity and the total number of parameter sets tested for the MC. The SNR radio shell is overlaid in white and the GeV γ-ray emitting regions outside the shell SRC 1 and SRC 2 as reported in [2] are overlaid in green.
In the following we will concentrate on the region SRC 1, because the location of SRC 2 is not fully covered by the GRS. We take all MCs from our search that lie partially or fully within the SRC 1 region and sum up the individual predicted γ-ray emission with fixed MC and SNR distance for three different ages, 6 000 yr, 20 000 yr and 29 000 yr. The authors of [19] give an age between 6 000 yr and 29 000 yr for W44, whereas in most publications an age of 20 000 yr is assumed. A value of 129 yr [2] for the Sedov time and 0.3 · 10 51 erg as fraction of the supernova explosion converted into CR acceleration was used. This is compatible with 0.3 − 3 · 10 50 erg of energy channelled into the escaping CRs estimated by [2] .
Diffusion coefficients smaller than 2.5 · 10 27 cm 2 s −1 , 6.3 · 10 26 cm 2 s −1 and 4.0 · 10 26 cm 2 s −1 for an age of 6 000 yr, 20 000 yr and 29 000 yr, respectively, give fluxes larger than the sensitivity of H.E.S.S. for the W44 region. These results do not take into account the uncertainties of the SNR and MC properties. The emission of 4 MC contributes to the total expected emission of the SRC 1 region. If one considers the uncertainties of the MC distances and masses a total of more than 10 MCs may contribute.
We conclude for the W44 region, that with next generation IACTs the detection of γ-ray emission is expected based on the GeV observations of the γ-ray emitting MCs outside the shell and the extrapolation of the modelled γ-ray emission from [2] to higher energies. In case of the complex MC surrounding it is difficult to model γ-ray emission of the individual clouds because of the large distance uncertainties and the large number of clouds that could contribute in principal to the γ-ray emission. Therefore for diffusion studies regions with simpler environment are better suited.
Conclusions
Molecular clouds near supernova remnants are important regions to study hadronic acceleration in SNR shocks and also diffusion properties of VHE particles. We presented our search strategy and discussed the caveats. The largest problems are the uncertainties on the SNR and MC distances. But nevertheless some promising regions can be identified. The W44 region is a promising region to be detected with next generation IACTs, but for diffusion studies simpler environments are better suited. Fig. 3 : The region around the SNR W44. The radio contours of the SNR W44 are overlaid in white, the regions SRC 1 and SRC 2, identified by [2] , are marked by the green circles. The colour scale of the elipses, representing the MCs, gives the ratio of the number of parameter sets with fluxes above the H.E.S.S. Galactic Plane Scan sensitivity and the total number of parameter sets tested for the MC.
